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Abstract 
The electrical characteristics of gallium-doped zinc oxide (ZnO:Ga) thin films prepared by 
rf diode sputtering were altered via nitrogen implantation by performing two implants at 
40 keV and 80 keV with doses of 1x1015 and 1x1016 cm-2 to achieve a p-type 
semiconductor. An implantation of 1x1015 cm-2 N+-ions yielded a p-type with hole 
concentrations 1017-1018 cm-3 in some as-implanted samples. The films annealed at 
temperatures above 200°C in O2 and above 400°C in N2 were n-type with electron 
concentrations 1017-1020 cm-3. The higher nitrogen concentration (confirmed by SRIM and 
SIMS), in the films implanted with a 1x1016 cm-2 dose, resulted in lower electron 
concentrations, respectively, higher resistivity, due to compensation of donors by nitrogen 
acceptors. The electron concentrations ratio n(1x1015)/n(1x1016) decreases with increasing 
annealing temperature. Hall measurements showed that 1x1016 cm-2 N-implanted films 
became p-type after low temperature annealing in O2 at 200°C and in N2 at 400°C with hole 
concentrations of 3.2x1017 cm-3 and 1.6x1019 cm-3, respectively. Nitrogen-implanted 
ZnO:Ga films showed a c-axes preferred orientation of the crystallites. Annealing is shown 
to increase the average transmittance (> 80%) of the films and to cause band gap widening 
(3.19÷3.3 eV). 
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Introduction 
 
Zinc oxide (ZnO) is a versatile material, which has application in many areas 
including the vast electronics sector. A ZnO semiconductor, exhibiting special optical 
properties (a direct band gap of 3.37 eV and a large exciton binding energy of 60 meV) has 
a potential to be employed in the fabrication of photonic devices such as blue and 
ultraviolet (UV) emitters [1], transparent thin film transistors (TTFT) [2], and photovoltaic 
devices (PV). At the present time, the transparent conducting ZnO thin films are used as an 
electrode material for amorphous silicon (a-Si) and Cu(In, Ga)Se2 (CIGS) solar cells, and 
have been investigated for electrodes for organic photovoltaic (PV) and organic light-
emitting diodes (OLEDs) [3,4]. Undoubtedly, the major obstacle to ZnO exploitation in the 
fabrication of devices is the difficulty in p-type doping. Ion implantation is an important 
technique for controllable doping in semiconductors, which offers a precise control of the 
doping levels, doping uniformity and extreme purity of the dopant, as well as low 
temperature processing. Moreover, ion implantation enables the introduction of dopants 
that are not soluble or diffusible, and hence, may provide a solution for the p-type 
limitation in ZnO. The implantation of nitrogen ions into ZnO can be a promising approach 
to achieve a p-type material. More recent studies on the defects in nitrogen-implanted and 
annealed ZnO thin films found two energy levels at approximately 60 meV and 100 meV 
above the valence band that can play an important role for p-type doping [5]. 
On the basis of the reports for obtaining of p-type ZnO via nitrogen implantation 
[6,7] and realization of ZnO-based metal–insulator–semiconductor diodes by ion 
implantation [8], as well as our previous research on N-doped and (Al, Ga):N co-doped 
ZnO thin films [9,10], we attempted acceptor doping in polycrystalline ZnO:Ga thin films 
by nitrogen implantation. 
This work derives from our previous study on N-implanted ZnO:Ga thin films 
(energy 180 keV, doses ranging from 1x1015 cm-2 to 2x1016 cm-2), annealed in an O2 or N2 
ambient up to 550°C [11]. It was found that low implant doses (up to 1x1016 cm-2) and 
annealing temperatures up to 400°C are more favorable for p-type doping. Hall 
measurements showed a hole concentration of 2.8x1019 cm-3, mobility of 0.6 cm2/Vs, and 
resistivity of 0.46 Ωcm in samples implanted with a 1x1016 cm-2 dose after annealing in N2 
at 400°C for 10 s. 
In this paper, we report on the changes in electrical, structural and optical properties 
of double energy (40 keV and 80 keV) implanted ZnO:Ga thin films, deposited on glass 
and sapphire substrates, annealed up to 800°C under O2 and N2. 
 
Experimental Methods 
 
The ZnO:Ga thin films were deposited on Corning 7059 glass substrates and sapphire 
substrates by rf diode sputtering from a ceramic ZnO:Ga2O3 (98wt%:2wt%) target, a 
mixture of ZnO (99.99% purity) and Ga2O3 (99.99% purity). The sputtering was carried out 
at 1.3 Pa working pressure in Ar (99.999% purity) atmosphere with an rf power of 600 W. 
The film thickness of ~ 200 nm was determined by Dektak 150 instrument. 
Ion implantations were done using the Danfysik1090 ion implanter at the Surrey Ion 
Beam Centre (UK). Singly charged 14N1+ ions were implanted at normal incidence to the 
target, the ion current was maintained below 1 µA/cm2, to avoid beam-heating of the 
samples. In order to obtain almost uniformly doped thin films, a double energy implant was 
performed, one at 40 keV and the other at 80 keV, with doses of 1x1015 and 1x1016 cm-2. 
The projected ion range and struggle (Rp ± ∆Rp) and total displacements per atom (dpa) 
were calculated by the SRIM code, using full cascade collisions [12]. The resulting 
nitrogen profile is almost homogeneous in depth as pictured in figure 1. The calculated ion 
range and straggle are: Rp = 67 nm, ∆Rp = 30 nm for 40 keV N, and Rp = 121 nm, ∆Rp = 45 
nm for 80 keV N. To activate the implanted ions and repair the damaged area, the 
implanted films were annealed under O2 and N2 ambient at temperatures varying from 200 
to 800°C. 
The electrical parameters of the films were measured from a Hall-effect system with a 
magnetic field of 0.15 T at a room temperature (RT). The structure and preferred 
orientation of the crystallites were evaluated by X-ray diffraction (XRD) on X’pert Pro 
powder diffractometer (symmetric ϑ-ϑ geometry), equipped with an ultra-fast linear 
semiconductor detector PIXcel, using CuKα radiation (λ = 0.154 nm). Secondary Ion Mass 
Spectrometry (SIMS) depth profiles of the various ionic species were acquired with a TOF-
SIMS IV analyzer (ION TOF GmbH, Muenster), using a Cs+ primary ion beam with energy 
of 2 keV. The distribution of the complex 30NO¯  ions in the film, obtained from SIMS, is 
uniform (Figure 2) and corresponds rather well to the profile calculated using SRIM. 
Optical spectrophotometry measurements were carried out from the UV region to the near 
IR region by an Ava Spec-2048 Fiber Optic Spectrometer. 
 
 
Results and Discussions 
 
Prior to annealing, the electrical parameters (resistivity, a carrier concentration, Hall 
mobility), microstructure and optical properties of the as-implanted films were investigated 
in order to evaluate the effects of the N implantation on their properties. Hall-effect 
measurements showed that the majority of the films were n-type. Depending on the implant 
dose, the electron concentrations were of order 1018-1019 cm-3. However, some films, 
mainly those implanted with a lower dose of 1x1015 cm-2 N+-ions, were p-type with the hole 
concentrations 1017-1018 cm-3. 
After performing a post implant annealing, the N-implanted ZnO:Ga thin films 
annealed at temperatures above 200°C in O2 and above 400°C in N2 became n-type. Similar 
results have been reported from other groups [13]. Figure 3 compares resistivities of the 
1x1015 cm-2 and 1x1016 cm-2 N+-ions implanted films deposited on sapphire substrates. In 
figure 4 are plotted the carrier concentrations and mobilities of these films as a function of 
the annealing temperature. For temperatures between 500÷700°C there is a falloff in 
resistivity with increasing temperature, which resulted from the increase of both, the carrier 
concentration and mobility. The films implanted with a dose of 1x1015 cm-2 exhibits higher 
electron concentrations than those implanted with a 1x1016 cm-2 dose at temperatures 
between 500÷700°C. It is clearly visualized in figure 5, which presents the ratio of the 
electron concentration (n(1x1015)/n(1x1016)) for low to high implantation dose versus the 
annealing temperature in the films annealed in N2 or O2 (an inset) for 10 s. This result is 
consistent with the SRIM calculations (Figure 1) and the SIMS results (Figure 2), which 
show higher nitrogen concentrations in the films implanted with 1x1016 cm-2. Hence, the 
probability that a nitrogen atom will make a replacement collision with oxygen lattice atom, 
creating a nitrogen acceptor (NO), increases. Due to the higher donors’ compensation, the 
electrons concentration is reduced and resistivity is increased. Nevertheless, the resulting 
material remained n-type, because the amount of the created acceptor was not sufficient to 
compensate native and impurity donor defects in the films. When speculating on the 
possible reasons for n-type N-implanted ZnO:Ga films one should take into consideration 
many complex processes that govern the conduction type in ZnO. Calculations based on the 
first-principles pseudo potential method within the local-density functional approximation 
(LDA) showed that the type of the donors, which compensate nitrogen acceptors, depends 
on the nitrogen doping level [14]. At low nitrogen doping levels, nitrogen acceptors are 
compensated mostly by oxygen vacancies, whereas at high doping levels, the major 
compensating donors are nitrogen composed donors such as nitrogen molecules and donor 
defect complexes. Experimental studies on five energies nitrogen-implanted and annealed 
ZnO thin films revealed the formation of a deep level approximately 580 meV below the 
conduction band edge which was ascribed to nitrogen [5]. The concentration of donors in 
these films was at least one order of magnitude larger than in the as-grown samples. 
However, p-type was measured in films deposited on glass substrates, implanted with 
1x1016 cm-2 after annealing in O2 at 200°C for 10 s (a hole concentration of 3.2x1017 cm-3, 
mobility of 1 cm2/Vs, resistivity of 20 Ωcm), as well as in films annealed in N2 at 400°C for 
10 s (a hole concentration of 1.6x1019 cm-3, mobility of 0.8 cm2/Vs, resistivity of 
0.48 Ωcm). Figure 6 illustrate how resistivity, electron concentration and mobility vary 
with annealing temperature for 1x1016 cm-2 N-implanted ZnO:Ga films, deposited on glass 
substrates and annealed in O2 for 10 s. 
Larger impurity concentrations of both, donors and acceptors, result in low mobility 
0.4-3.8 cm2/V in the films deposited on sapphire substrates (Figure 4), and 0.1-0.6 cm2/Vs 
in the films deposited on glass substrates (Figure 6). It is known from theory that the carrier 
mobility depends on the scattering events that take place inside the semiconductor. In case 
of polycrystalline and other high defect materials, ionized impurity scattering and scattering 
by neutral impurity atoms and defects tend to dominate. Elevating the annealing 
temperature can activate some of the impurity gallium atoms to move from interstitial to Zn 
sites, making them effective donors, and/or some of the interstitial impurity nitrogen atoms 
to substitute for an O atom, thus, becoming acceptors. Hence, the increase in mobility with 
increasing annealing temperature resulted from the improvement of the crystalline structure 
as confirmed from X-ray diffraction measurements.  
In figure 7 are plotted XRD patterns obtained from the as-implanted samples for two 
doses. The dominant (002) diffraction line indicates that they are polycrystalline with a c-
axes preferred orientation. The XRD patterns reveal that the studied ZnO:Ga films are not 
amorphized upon ion implantation which confirms other authors observation that many 
ceramic metal-oxide or metal-nitride thin film nanocomposites are resistant to 
amorphization upon high dose ion irradiation [15]. However, the implanted doses were 
sufficiently high (up to 5.7-8.9 dpa) to induce a rearrangement of the crystalline structure, 
as shown by XRD analysis. The variation of the parameters of the diffraction lines (their 
position, Full Width at Half Maximum (FWHM), and relative intensity), reflects doping 
effects on the processes, controlling the film texture. The diffraction lines peak position 
shifts towards the smaller 2ϑ  diffraction angles for the as-implanted samples. According to 
the Bragg Law, this shift denotes that the lattice constant increases. The interstitial defects 
(nitrogen and gallium impurity atoms), cause increase in the interplanar spacing (d) and 
lattice expansion. The integrated intensity of the (002) diffraction line increases with 
increasing dose suggesting an improvement of the crystalline structure presumably, due to a 
reduction in the vacancy defects when nitrogen substituted for oxygen. The post-implant 
annealing reduces the structure damage, hence, the integrated intensity of a (002) 
diffraction line increases with increasing anneal temperature, suggesting more textured 
structure of the film (Figure 8). The sample denoted by a is not annealed. Three steps 
annealing in N2 at different temperatures and times were performed on samples b and c as 
described: sample b 10 s/400°C+10 s/400°C+10 s/400°C; sample c 
10 s/400°C+10 s/600°C+30 min/600°C. Annealing activate some interstitial atoms to move 
from an interstitial site to zinc or oxygen lattice sites, which will cause the reduction of the 
interplanar spacing. A shift towards higher 2ϑ  diffraction angles reflects this 
rearrangement of atoms and the corresponding lattice chances. 
The N-implanted ZnO:Ga thin films are highly transparent with an average 
transmittance > 80 % in the wavelength range of 390-1100 nm. The transmittance data 
were acquired over the wavelength range of 200 < λ < 1100 nm. In figure 9 are compared 
optical transmittance spectra (including glass substrate) of the as-implanted and N-
implanted ZnO:Ga samples, annealed under N2 or O2 atmosphere for 10 s at 600°C. The 
average transmittance increases with increasing annealing temperature (Figure 9 inset) due 
to the reduction of the structural defects. 
The transmittance data were used to calculate the direct transition optical absorption 
coefficients (α). Figure 10 presents dependence of (αhυ)2 on photon energy of one energy 
for N-implanted ZnO:Ga films, not annealed and annealed in N2 or O2 atmosphere for 10 s 
at 600°C. The optical band gap (Eg) was determined by extrapolating the linear part of each 
curve. The bandgap varies from ~ 3.19 eV for the as-implanted films to ~ 3.3 eV for the N-
implanted and annealed ZnO:Ga films. 
 
Conclusion 
 
ZnO:Ga films were deposited on Corning 7059 glass substrates and sapphire 
substrates by rf diode sputtering. In order to obtain an uniform nitrogen distribution in the 
film depth, two energies implantations, one at 40 keV and the other at 80 keV, with doses 
of 1x1015 cm-2 and 1x1016 cm-2, were carried out following by post-implant annealing in N2 
and O2 at temperatures up to 800°C. The N-implanted ZnO:Ga thin films annealed at 
temperatures above 200°C in O2 and above 400°C in N2 were n-type with electron 
concentrations 1017-1020 cm-3. Due to the higher compensation of the donors by nitrogen 
acceptors, the electron concentration is reduced and resistivity is increased in 1x1016 cm-2 
N-implanted films compared to those implanted with a 1x1015 cm-2 dose. The ratio of the 
electron concentration (n(1x1015)/n(1x1016)) decreases with increasing annealing temperature. 
Hall measurements showed a p-type in films implanted with 1x1016 cm-2 after annealing in 
O2 at 200°C (a hole concentration of 3.2x1017 cm-3, mobility of 1 cm2/Vs, resistivity of 
20 Ωcm, and), and in N2 at 400°C with (a hole concentration of 1.6x1019 cm-3, mobility of 
0.8 cm2/Vs, resistivity of 0.48 Ωcm). Larger impurity concentrations of both types, donors 
and acceptors, result in low mobility 0.4-3.8 cm2/V in the films deposited on sapphire 
substrates, and 0.1-0.6 cm2/Vs in the films deposited on glass substrates. XRD patterns 
reveals that the ZnO:Ga films are not amorphized upon ion implantation. The as-implanted 
and annealed films are polycrystalline with a c-axes preferred orientation. They are highly 
transparent with an average transmittance T > 80 % which increases, as the annealing 
temperature increase. The optical band gap of the as implanted films is ~ 3.19 eV and 
widens (~ 3.3 eV) after annealing at elevated temperatures. 
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Figure 1. Normalized depth profiles for 40+80 keV N-implanted ZnO:Ga films for implant 
doses of 1x1015 and 1x1016 cm-2, calculated using the SRIM code. 
 
Figure 2. SIMS depth profiles of the negative 30NO complexes for 40+80 keV N-implanted 
ZnO:Ga films for implant doses of 1x1015 and 1x1016 cm-2, not annealed. 
 
Figure 3. Resistivity versus annealing temperature for 40+80 keV N-implanted ZnO:Ga 
films, deposited on sapphire substrates and annealed in N2 for 10 s. The plots are for 
implant doses of 1x1015 cm-2 and 1x1016 cm-2. 
 
Figure 4. Carrier concentration and mobility versus annealing temperature for 40+80 keV 
N-implanted ZnO:Ga films, deposited on sapphire substrates and annealed in N2 for 10 s. 
The plots are for implant doses of 1x1015 cm-2 and 1x1016 cm-2. 
 
Figure 5. Ratio of the electron concentrations (n(1x1015)/n(1x1016)) versus annealing 
temperature for 40+80 keV N-implanted ZnO:Ga films deposited on sapphire substrates 
and annealed in N2 for 10 s. The inset shows the ratio for the films annealed in O2 for 10 s. 
 
Figure 6. Resistivity, electron concentration and mobility versus annealing temperature for 
40+80 keV N-implanted ZnO:Ga films deposited on glass substrates and annealed in O2 for 
10 s. The plot is for an implant dose of 1x1016 cm-2. 
Figure 7. XRD patterns for 40+80 keV N-implanted ZnO:Ga films for implant doses of 
1x1015 and 1x1016 cm-2, not annealed. 
 
Figure 8. XRD patterns for 40+80 keV N-implanted ZnO:Ga films (dose 1x1015 cm-2). 
Sample a is not annealed. Sample b and c are annealed in N2: 
b:10 s/400°C+10 s/600°C+30 min/600°C c: 10 s/400°C+10 s/400°C+10 s/400°C 
 
Figure 9. Optical transmittance spectra for 40+80 keV N-implanted ZnO:Ga films (dose 
1x1015 cm-2), not annealed (black line), and annealed in O2/N2 at 600°C for 10 s. The inset 
shows the variation of the average transmittance with annealing temperature. 
 
Figure 10. Plot of (αhν)2 versus photon energy for 40+80 keV N-implanted ZnO:Ga 
films(dose 1x1015 cm-2), not annealed (black line), and annealed in O2/N2 at 600°C for 10 s. 
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Figure 1. Normalized depth profiles for 40+80 keV N-implanted ZnO:Ga films for implant 
doses of 1x1015 and 1x1016 cm-2, calculated using the SRIM code. 
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Figure 2. SIMS depth profiles of the negative 30NO complexes for 40+80 keV N-implanted 
ZnO:Ga films for implant doses of 1x1015 and 1x1016 cm-2, not annealed. 
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Figure 3. Resistivity versus annealing temperature for 40+80 keV N-implanted ZnO:Ga 
films, deposited on sapphire substrates and annealed in N2 for 10 s. The plots are for 
implant doses of 1x1015 cm-2 and 1x1016 cm-2. 
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Figure 4. Carrier concentration and mobility versus annealing temperature for 40+80 keV 
N-implanted ZnO:Ga films, deposited on sapphire substrates and annealed in N2 for 10 s. 
The plots are for implant doses of 1x1015 cm-2 and 1x1016 cm-2. 
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Figure 5. Ratio of the electron concentrations (n(1x1015)/n(1x1016)) versus annealing 
temperature for 40+80 keV N-implanted ZnO:Ga films deposited on sapphire substrates 
and annealed in N2 for 10 s. The inset shows the ratio for the films annealed in O2 for 10 s. 
 
 
200 300 400 500 600
0
4
8
12
16
20
n-typep-type
n
µ
n
µ
n
ρ
n
ρ
n
1x1016cm-2
Annealing: O2 10s
Substrate: glassµp
Annealing temperature [0C]
Re
si
st
iv
ity
 
[ ΩΩ ΩΩ
cm
]
p
n
ρp
1017
1018
1019
1020
Co
n
ce
n
tr
at
io
n
 
[cm
-
3 ]
0.0
0.2
0.4
0.6
0.8
1.0
M
o
bi
lit
y 
[cm
2 /V
s]
 
Figure 6. Resistivity, electron concentration and mobility versus annealing temperature for 
40+80 keV N-implanted ZnO:Ga films deposited on glass substrates and annealed in O2 for 
10 s. The plot is for an implant dose of 1x1016 cm-2. 
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Figure 7. XRD patterns for 40+80 keV N-implanted ZnO:Ga films for implant doses of 
1x1015 and 1x1016 cm-2, not annealed. 
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Figure 8. XRD patterns for 40+80 keV N-implanted ZnO:Ga films (dose 1x1015 cm-2). 
Sample a is not annealed. Sample b and c are annealed in N2: 
b: 10 s / 400°C+10 s / 600°C+30 min/600°C;   c: 10 s / 400°C+10 s / 400°C+10 s / 400°C 
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Figure 9. Optical transmittance spectra for 40+80 keV N-implanted ZnO:Ga films (dose 
1x1015 cm-2), not annealed (black line), and annealed in O2/N2 at 600°C for 10 s. The inset 
shows the variation of the average transmittance with annealing temperature. 
 
 
1.0 1.5 2.0 2.5 3.0 3.5
0
1x1014
2x1014
3x1014
4x1014
5x1014
( αα αα h
νν νν
)2  
[eV
2 m
-
2 ]
Photon Energy [eV]
  Dose: 1x1015cm-2
Substrate: glass
not annealed
 Annealing: N2 600°C 10s 
 Annealing: O2 600°C 10s 
 
Figure 10. Plot of (αhν)2 versus photon energy for 40+80 keV N-implanted ZnO:Ga 
films(dose 1x1015 cm-2), not annealed (black line), and annealed in O2/N2 at 600°C for 10 s. 
 
 
 
 
